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ABSTRACT

This document is an interim report which describes the progress of
MSC/TRW Task 705-2, "Apollo Cryogenic Storage System (CSS) Analysis,"
Subtask 1, from inception to date. Under this subtask, TRW has developed a
simulation program which has the capability of simulating the thermodynamic
performance of both the existing Apollo CSS hydrogen and oxygen tanks and
the originalv(Apollo 13 type) CSS oxygen tanks. The ojperation of the CSS
lines and components may also be simulated using a second program. Included
in the report are descriptions of the cryogenic storage system and a discussion
of the analysis, mathematical formulations and supporting computer subroutines
which, when combined, will make up the bulk of the CSS Integrated Systems
Program. The Integrated Systems Program development is being accomplished
under Subtask 3. Upon completion, the Integrated Systems Program will supercede
the programs presented in this report. In their current form, the programs may
be used to perform parametric studies of individual tank operation and to perform

detailed studies of specific problems related to CSS components and lines.
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1.0 INTRODUCTION

The objectives of Task 705-2,"Apollo Service Module Integrated Cryogenic

Storage System Analysis," are to develop the analytical capability required

to:

a) Develop an integrated mathematical model of the Apollo Cryogenic
Storage System (CSS).

b) Provide support to the redesigned CSS oxygen tank development
program.

¢) Predict flight performance of the CSS to verify its adequacy to
meet mission requirements.

d) Carry-out postflight analysis of the CSS to confirm the adequacy
of the mathematical model.

To accomplish these objectives, the Task was divided into six subtasks:

Subtask 1 - Basic Cryogenic Tank Program

Subtask 2 - Advanced Cryogenic Tank Performance Program
Subtask 3 ~ Integrated System Program

Subtask 4 - CSS Oxygen Tank Development Support

Subtask 5 - Preflight Mission Analysis

Subtask 6 - Flight Analysis

This document describes the simulation programs developed under Subtask 1.

In order to predict and study the performance and operation of the Apollo
cryogenic storage system, a storage tank model and a lines and components
model have been developed. While these models are separate entities at the
present time, they will be combineé along with other existing programs to
comprise the Integrated Systems Program under Subtask 3. Upon completion,
the Integrated Systems Program will supercede the programs presented in this
report. However, in their current form, the models may be used to perform
parametric studies of individual tank operation such as pressure cycle time

as a function of tank quantity and flowrates, and detailed studies of
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specific problems related to the lines and components such as the thermal
response of a quantity of cold gas trapped in a line between a check valve
and a shut-off valve, fluid leakage at various places in the lines, etc.

The equilibrium tank model (EQTANK) is capable of simulating the thermo-
dynamic performance of the CSS Hydrogen and oxygen tanks. The program
accounts “or the effects of heat leakage, fan and/or heater operation, duty
cycles, and control equipment as well as all significant thermal, elastic,
thermoelastic and thermodynamic effects which influence tank performance.

A model which correlates the effects of thermal stratification on CSS tark
performance is also included. Boundary conditions (input) include the initial
state and quantity of the cryogen, flowrate demands of the Environmental
Control Subsystem (ECS) and the Electrical Power Subsystem (EPS), component
(heater, fan and pressure switch) characteristics, inertial accelerations and
spacecraft attitude mode (PTIC or inertial hold). The program is designed to
simulate a variety of anomalies and fa‘lures such as loss of annulus vacuum,
fan and/or heater failures, and tank leaks.

The components and lines model (PLMBNG)determines the flow rate apportion -
ment between storage tanks and the thermodynamic state of the constituents at
various locations between the source (storage tank) and the points of
application (ECS and EPS). Boundary conditions (inputs) include
the instantaneous storage tank thermodynamic properties, bay temperatures and
EPS and ECS flow requirements. System characteristics are represented by
passive distribution system line and component drag characteristics and active
component operating characteristics. In addition, provisions are incorpprated
to simulate a constituent leak at any connection in the system, as well

as anomalous operation of all components.



2,0 SYSTEM DESCRIPTION

The Apollo CSS supplies oxygen and hydrogen on a demand basis to the
EPS and the ECS, The cryogenic fluids are stored in their supercritical
states in tanks located in the Service Module (SM). Each tank is
equipped with individual components for filling; venting; quantity,
temperature, and pressure measurements; pressure control and relief; and
the accompanying displays and controls. For all missions through Apollo 13,
the storage system was .comprised of two hydrogen tanks and two oxygen tanks.
The arrangement of these tanks in Sector IV of the SM is shown in Figure 2.1,
For the Apollo 14 Mission the storage system will consist of an additional
oxygen tank 1ocated in Sector T of the SM making a total of three oxygen
tanks and two hydrogen tanks. Subsequent missions will have three hydrogen
tanks as well as three oxygen tanks. The additional hydrogen tank will be
located in Sector I of the SM, TFigure 2.2 presents the tankage arrangement
in Sector I.

During nominal operation, the storage system is maintained at a
relatively constant pressure with fluid temperature increasing during the
mission. Pressure is maintained above the critical pressure in the tanks
by the application, either manually or automatically, of electrical heater
power. Prior to the Apollo 14 Mission, electrical heat was supplied to the
storage tanks in conjunction with destratification fans. However, subsequent
to the Apollo 13 oxygen system failure, the system was redesigned to eliminate
the fans in the oxygen tanks, although fans are still used in the hydrogen
tanks.

The nominal operating pressure of the storage tanks is 245 *15 psia

and 900 *35 psia for the hydrogen and oxygen tanks, regpectively.
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The fluid flow rate is controlled on a demand basis by the ECS and
EPS regardless of the storage systems pressure or operating mode. Under
nominal operating conditions there are 29.3 pounds of hydrogen and 330.1
pounds of oxygen loaded into each of the storage tanks. Of these amounts,
there are 28.2 pounds of usable hydrogen and 323.5 pounds of usable oxygen.
Other pertinent storage system operational parameters are presented in
Table 2.1.

2.1 Cryogenic Storage Tanks

A major difference between the oxygen and hydrogen tanks is in the
material used in their fabrication. These materials are listed in Table 2.1
and were obtained from Reference 1. In the broad semse, the physical configu-
ration for both tanks is similar in nature and they can be described
as a typical unit.

Each tank consists of two concentric spherical shells with thermal
insulation in the annular space between the shells. Tn the oxygen tanks,
the insulation supports the pressure vessel. The annulus is also evacuated
to improve the thermal barrier qualities. The annulus of each tank is equipped
with a vac-ion pump to maintain the low pressure required for adequate vacuum
insulation, although in flight the oxygen pumps are the only pumps which may
be operated. In addition, the pressure vessel gupports (hydrogen tank only).
fluid lines, and the electrical conduit are located within the evacuated
annulus. The exit fluid line is routed through the annulus before exiting
from the tank to provide vapor cooling.

Prior to Apollo 13, each tank was equipped with a two element heater and two
destratification fans. However, following the Apollo 13 oxygen system failure,
the two element heater and destratification fans in the oxygen tanks were

removed and replaced with a three element heater. In addition, the heater
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TABLE 2.1

CRYOGENIC SYSTEM OPERATIONAL PARAMETERS

Hydrogen Oxygen
TANK ¥ATERIAL 5 Al-2.5 Sn ELI tl Inconel 718
TANK WEIGHT (PER TANK)
Empty (Approx) 80.00 1b. 90.82 1b.
Usable Fluid 28.15 1b. 323.45 1b.
Stored Fluid (100% 29.31 1b. 330.1 1b.
indication)
Residual 47 27
Maximum Fill Quantity 30.03 1b. 337.9 1b.
TANK VOLUME (PER TANK) 6,80 ft3 4,75 ft3
TANK FLOW RATE (PER TANK)
Max. for 10 Minutes 1.02 1bs/hr 4.03 1bs/hr
Max. for 1/2 hour = ——=——mm 10.40 1bs/hr
Relief Valve Max Flow 6 1bs/hr @ 130°F 26 1bs/hr @ 130°F
TANK PRESSURIZATION
Heaters elements per tank 2 3
Flight Resistance 78.4 ohms per 18.45 ohms per
element element
Nominal Voltage 28 VvV DC 28 V DC
Power 10 watts per 42.5 watts per
element#* element*®
Total Heater
Heat Input Per tank 68.2 BTU/Hr 434.8 BTU/Hr
Ground Resistance 78.4 ohms per 18.45 ohms per
element element
Voltage 28 VvV DC 28 VvV DC
Power 10 watts per 42,5 watts per
element* element*
Total Heater
Heat Input Per Tank 68.2BTU/Hr 434 ,8BIU/Hr

% Conversion Factor: 1 watt = 3.41 BTU/Hr




TABLE 2.1 (Continued)

Hydrogen Oxygen
Pressure Switch
Open Pressure Max. 260 psia 935 psia
Close Pressure Min. 225 psia 865 psia
Deadband Min. 10 psia 30 psia
Destratification Motors (2
Motors Per Tank)
Voltage 115/200 V None
400 cps None
Power - Average 3.5 watts per None
motor¥*
Total Average Motor 23.8 BTU/Hr None
Heat Input Per Tank
SYSTEM PRESSURES
Normal Operating 245 *15 psia 900 %35 psia
Spec Min. Dead Band of 10 psi 30 psi

Pressure Switches

Relief Valve Note: Relief Valves are referenced to environmental
pressure, therefore pressure at sea level (psig)
will be the same value in vacuum (psia)

Crack Min. 273 psig 938 psig
Full Flow Max. 285 psig 1010 psig
Reseat Min. 268 psig 865 psig

Outer Tank Shell
Burst Disc

Nominal Burst Pressure 90 t;g psid 75 7.5 psid
SYSTEM TEMPERATURES .
Stored Fluid -425 to 80°F -300 to 80°F

*Conversion Factor: 1 watt = 3.41 BTU/Hr




thermostat for protection against high heater temperatures has been removed
and replaced with a temperature sensor. The new sensor is located on the
heater tube. Another temperature semnsor is located above the capacitance
probe and measures the bulk fluid temperature. Electrical lines leading into
the redesigned oxygen tank have also been sheathed to reduce the fire hazard.

2.2 (Cryogenic System Components and Lines

Figures 2.3 and 2.4 are schematics of the component and line configurations
for the Apollo 14 oxygen and hydrogen systems, respectively, showing the
‘relative locations of the components which make up the system. In general,
the system is composed of lines, valve modules, flow filters and flow
restrictors. For missions prior to Apollo 14, the system valve modules
for both the hydrogen and oxygen systems each contained two relief valves, two
pressure transducers, two pressure switches and one check valve. For Apollo
14, a half valve module was added for oxygen tank 3 and contains one relief
valve, one pressure switch, and a check valve. A solenoid operated shutoff
valve was also added between oxygen tanks 2 and 3.

The relief valves in these modules are a gradual opening differential
pressure poppet type which assure the lowest possible leakage and.have
virtually zero delta pressure between crack and full flow. These valves
are designed to be unaffected by back pressure in the downstream plumbing
and are temperature compensated over the full range of fluid temperatures which
may occur.

The pressure transducers are absolute pressure devices which utilize
bonded strain gauges to produce millivolt signals to the signal conditioner.
The signal conditioner is integral to the transducer with a 0 to 5 VDC output

linearly proportioned to tank pressure. The transducers can operate at
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environmental temperatures as low as -80°F and are capable of supplying a
continuous readout of pressure over the specified range with a maximum
error of + 2-1/2 percent of full scale.

The pressure switches are single-throw, single pole absolute pressure
devices which may be used to ;ontrol the motor switches which activate the .
destratification motors and/or tank heaters. These switches have been used
successfully in an environment of ~400°F.

The check valve is a spring loaded poppet type and is designed to open
at a differential pressure of approximately 1 psi. The valve seat has a
large area to prevent chattering during flow in the normal direction and to
help obtain a positive seal if pressurized in the reverse direction.

The fuel cell valve module for the hydrogen system consists of two
check valves and three solenoid operated valves in one valve body. The
check valves are a dual seat type which allow the main passage to be
full open and the auxiliary passage barely cracked at low flows. At high
flows, both the main and auxiliary passages are completely open. The solenoid
valves are poppet latch type and are actuated by a magnetic armature suspended
on a Bellville spring. Opening and closing coils on both sides of the arma-
ture actuate the valve, The valves open against pressure and preséure helps
to seal the valve against leakage when closed to flow in the normal flow
direction.

For the oxygen system, the fuel cell valve module contains check valves
similar to those in the hydrogen fuel cell valve module. However, subsequent
to Apollo 13, the solenoid valves have been taken out of the module and

mounted externally and upstream of the flow transducers to the fuel cells.
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The oxygen and hydrogen inline filters consist of several chemically
etched discs stacked in a cartridge. They are rated at 5 microns nominally
and 12 microns absolute with a capacity to contain .25 grams contaminant.

Several components have been added to the CSS for missions subsequent to
the Apollo 14 ("J" type missions). A half valve module containing a relief
valve, a pressure switch, and a check valve has been added for the third
hydrogen tank. There are three oxygen restrictors in the ECS for J type
missions versus two for other Apollo missions. The third restrictor line is
a branch of the oxygen tank 2 ECS supply line and reconnects downstream of the

junction of the other two restrictor lines. This restrictor line includes

a filter and check valve,
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3.0 ANALYTICAL FORMULATION

The following sections discuss the analytical formulations of the two
programs which model the tanks and the components and lines as well as two
supporting subroutines. Section 3.1 describes the equilibrium tank program.
In order to compute the heat leak to the tanks, it was necessary to develop
a storage tank thermal model which is described in Section 3.2. The compo-
nents and lines model is discussed in Section 3.3. Finally, a subroutine was
developed to provide the other models with oxygen and hydrogen thermophysical
properties as required. This model is described in Section 3.4.

3.1 Equilibrium Tank Model

The Equilibrium Tank Model (EQTANK) computer program was developed to
simulate the thermodynamic performance of the Apollo CSS hydrogen and oxygen
tanks. Any combination of up to three hydrogen and three oxygen tanks may

be simulated. Both the Apollo 13 type oxygen tank as well as the redesigned

tank are modeled.

3.1.1 Tank Model Description

The EQTANK program simultaneously updates the thermodynamic state in
each storage tank of the CSS based on control equipment operation, flowrates,
tank characteristics, heat leaks, and trajectory data. It is assumed that
thermodynamic equilibrium exists in the tanks at all times. Figure 3.1
presents an overall flow diagram of the model.

The basic equation for the model determines the rate of change of pressure

with respect to time and is given by:

3ap T
0d . 09 + Q.q (1)
v " |17 vaese 2L v
dP _ 03P
dt
2dép v
0 2 3r oT
+ 2 (1-v) + 3o =
L4300 2L | VB T 287 BP]
oapo
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The nomenclature used is defined in Appendix I.

Equation (1) is derived in Appendix II and accounts for variations
in tank volume due to fluid pressure and temperature excursions. The ex~—
pression further accounts for the effect on the rate of change of pressure
due to the attached fill and vent lines which act as small gas reservoirs.
All terms in the relation for pressure rise or decay rate may be determined

from the CSS system and fluid thermodynamic properties. The variables r, V,

By Y, v, V2 and o are obtained from tank material and geometric characteris-

3T 9T .
tics. The thermodynamic variables 8, ¢, Py 5% , P, and 5p are obtained from

the Thermophysical Properties Subroutine discussed in Section 3.4. The total
heat input rate, q, is the sum of the heat leak calculated by the Storape
Tank Thermal Model Subroutine (Section 3.2) and the heat input resulting

from the operation of tank heaters and/or fan motors. The mass flowrate, ﬁ,
is an input variable to the EQTANK Program. The gas compression process

in the tank fill and vent lines is assumed to be isothermal, so the polytropic
exponent, N, is currently assumed to be 1.0 for both oxygen and hydrogen.

The program may be divided into two sections. The first section deter-
mines the maximum time increment over which all tanks may be simulated. The
second section uses this time increment to update the state of the fluid
in each tank corresponding with the conditions which prevail at the end of
the time increment.

The time increment depends on the rate of change of pressure and the
operation of the pressure switches in each tank. Equation (1) is used to
determine when a tank pressure will reach a specified excursion (currently 15 psi)
from its initial state or when a pressure control limit will be reached for the
tank. The shorter of these two time increments is defined as the maximum

dynamic simulation time increment for the tank. Dynamic simulation time

16



increments for all tanks are compared and the smallest one is chosen as the
total tank system dynamic simulation time increment. This time increment
is then compared with a user specified increment and the lesser is selected
as the time increment for use in updating the state of all cryogenic tanks.
Upon the determination of the time increment, the thermodynamic state
of the fluid in each tank is updated. The average pressure for the time
interval is determined from the initial tank pressure, the initial pressure rise
(or decay) rate, and the length of the time interval. The average density
for the time interval is determined from the tank volume, the initial weight
of cryogen in the tank, and the flowrate. Using these averaged thermodynamic
properties, the average pressure change rate is determined using Equation &h)
for each tank. The average pressure change rate and flowrate are then used to
update the pressure and density at the end of the time interval. Finally
fluid temperature is obtained using the Thermophysical Properties Subroutine.
In addition to updating the state of each of the cryogenic tanks, the
second portion of the EQTANK program performs three other operations. The
tank pressure at the end of the time interval is compared with the limit
pressures for the tank pressure switch, and the pressure switch state
changed if necessary. The collapse pressure potential (Section 3.1.2)
for each oxygen tank is estimated from knowledge of time interval length,
tank state, acceleration level, and tank flow rate. The iast mathematical
operation in the EQTANK program is to determine the additiomal flowrates
required by the fuel cells to provide power for all electrical equipment
operating in the tanks at the end of the time interval.

3.1.2 Simplified Stratification Analysis

As a result of the CSS failure during Apollo 13, considerable effort
has been devoted to the analysis of single phase cryogenic storage under

17



low accelerations. The purpose of the analysis was to evaluate the potential
pressure collapse that could occur in the tank due to thermal stratification
of the fluid. A large pressure collapse could undesirably change the

single phase fluid to a two phase fluid. During the Apollo 7 Mission, flight
tests were performed which demonstrated that pressure collapse was not signi-
ficant in the hydrogen tanks. Therefore, the potential collapse pressure
{difference between the instantaneous pressure value and the value that

would result from sudden complete mixing of the fluid) was assumed to be
negligible for hydrogen and the analytical investigations have been limited

to the oxygen tanks.

Localized heat addition from heaters placed in the oxygen storage
vessels to assist the fluid expulsion process results in local hot gas
pockets which cause density gradients to form in the fluid. Since the
vessel pressure is determined by the warmer fluid, mixing of the fluid can
result in a pressure collapse. The stratification process which leads to
potential collapse pressures is a result of poor conductive heat transfer
prcperties of oxygen coupled with limited mechani.al and convective mixing

due to low acceleratior..

Mathematical models of the thermodynamic processes which take place
in the oxygen storage vessels must be very detailed and, as a result,
require a large amount of computer time in order to simulate the fluid
stratification process and determine the potential pressure collabse. For
this reason, a simplified oxygen fluid stratification analysis model was
constructed, based on detailed simulations performed by C. K. Forester of
the Boeing Company, Seattle, Washington (Reference 2). This simplified
model requires only a fraction of the computer time needed for the detailed
model and generally provides accuracies on the order of 107 as compared to
the results of the detailed model. Thus, it was practical to incorporate the
simplified model into the EQTANK program. The EQTANK program uses a

correlation model to estimate the magnitude and effects of rapid destratifi-
cation. The exact form of the oxygen potential pressure collapse model resulted

from an analysis of the numerical studies obtained from Boeing.

18



Logically, the collapse pressure potential for any Apollo CSS tank
should be dependent on the local acceleration, fluid flow rate and the
fluid quantity histories of the tank. The dependence on histories rather
than instantaneous values suggests that an integral approach is appropriate.
This is reinforced by the fact that the operation of a CSS tank depends
upon the path or history of the thermodynamic process. The problem of finding
potential collapse pressure, then, is to determine and integrate the time
derivative of the potential collapse pressure.

The effects of acceleration level on potential collapse pressure can be
practically detected only between the levels of 10_7 and lO_3 g. An accelera-
tion level of l()“3 g will rapidly destratify a normally functioning Apollo
CSS tank, while actual accelerations of less than 10—7 g are difficult to
obtain in manned spacecraft due to astronaut motion and equipment operation.
The variation of potential collapse pressure growth rate over the acceleration
range of interest changes by a factor of approximately ten. The effects of
small acceleration changes on the potential collapse pressure growth rate are
more pronounced at lower accelerations. Both of the previous observations
suggest that a logarithmic variation of potential collapse pressure growth rate
with acceleration is appropriate for a correlation model. The final dependence
of potential collapse pressure on acceleration was found to vary as the square
of the logarithm between accelerations of 10_7 g and 10“3 g with a value of one
at less than lO_7 g and a value of zero at accelerations greater than 10-.3 g.

The effect of fluid flow rate on stratification in single phase cyrogenic

tanks is to increase the magnitude of the potential collapse pressure. The
potential collapse pressure increases more rapidly at high flow rates than
at low flow rates because the heat input to the fluid does not have time to

diffuse by conduction throughout the tank. This leads to increased density
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and temperature variations within the tank. These variations in the fluid
properties bring about an increase in the potential collapse pressure. A
linear dependence on flow rate was incorporated into the EQTANK correlation
model for potential collapse pressure.

The effect of the quantity of oxygen in a tank on the buildup of
potential collapse pressure within the tank may be understood by considering
two heat transfer effects in high density single phase oxygen. First,
because of the proximity of the oxygen to the two-phase boundary, conductive
heat transfer is low in high density oxygen at the operational pressures in
the oxygen tanks. Second, and perhaps more important, the thermal
diffusivity or effective heat propagation rate in fluids is inversely propor-
tional to the density of the fluid. Thus, thermal energy input to high
density fluids tends to remain where it was introduced rather than diffusing
throughout the entire fluid mass. A linear dependency of potential collapse
pressure rate of fluid density or tank quantity is used in the program. The
relation is displaced from the origin such that no potential collapse
pressure buildup can occur at tank quantities less than 37.5 percent, since
below that quantity, effects of stratification are negligible. _A linear
collapse pressure dependencyon tank quantity was selected to give a collapse
pressure buildup rateconsistent with results of the Boeing study,

It was determined that a separable form of the collapse pressure rise rate
correlation equation could be used to describe the; simultaneous.dependence of the
potential pressure collapse on acceleration, flowrate, and tank quantity. A
step function H is incorporated into the acceleration and quantity dependences
to affect a good agreement of the correlation model over the acceleration region
of interest, The final expression for the time derivative of potential collapse

pressure used in the EQTANK program is:
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2 (.001

1n gg—)}

ape = {81075 )+ [H(g;10")-11(e~001)] 210 %,
dt ¢ 16

{ﬁ[H(%—37.5)].1792(%—37.5)}
A comparison of the results of the correlation model and those obtained

nunerically by Boeing is presented in Table 3.1.

3.2 Storage Tank Thermal Model

The CSS consists of dewar vessels for the storage of both oxygen and
hydrogen. 1Insulation for these vessels is provided by a vacuum jacket which
consists of a space filled with insulating material coupled with a vapor
cooled shroud (VCS). The heat leak into the storage vessels under nominal
operating conditions is primarily a function of the flowrate through the
VCS and the temperature in the bay. The bay temperature depends to a large
extent upon whether the vehicle is in an inertial hold mode or a passive
thermal control mode. The effect of vacuum loss in the jacket is to increase
the heat leak’into the storage vessel.

The vehicle thermal model was developed as a subroutine for inclusion in
the EQTANK model and is essentially made up of three parts. These include
separate heat leak calculations for the oxygen and hydrogen tanks and a part
for computing the heat leak under various loss of vacuum conditions.

3.2.1 Hydrogen Tank Heat Leak

The heat leak to the hydrogen tank under nominal operating conditions
is computed in the thermal model using data taken from the Apollo Flight
Support Handbook (Reference 1). This data, presented in Figure 3.2, is
a correlation of estimated heat flux as a function of the fluid expulsion rate
and the quantity of fluid remaining in the tank. The origin of this data,
however, is not known and the effect of temperature in the bay on the heat
flux has not been included. Since the outer wall temperature is not taken

into account, the mission mode cannot be considered in the calculation
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TABLE 3.1

COMPARISON OF THE RESULTS OF THE SIMPLIFIED STRATIFICATION ANALYSIS

WITH THOSE OF THE BOEING CO.

GROWTH RATE OF POTENTIAL
COLLAPSE PRESSURE

Mass Flow Tank Simplified Boeing's
Acceleration Rate Quantity Correlation Numerical
(1bm/hr) &3] Results Results
(psia/hr) (psia/hr)
2.6 1.23 52. 1.33 1.43
0.5 .92 75. 4,21 3.86
2.6 .85 12. 0. 0.
0.1 1.45 96. 15.20 20.29
0.1 .87 95. 9.
0.5 .94 75. 4.30 4,25
0.5 4.50 97. 32.70 32.
0.5 4.50 75. 20.60 9.25
0.5 4,50 52. 8. 8.
0.5 4,50 38. .27 1.0
0.5 4.50 23. 0. 0.
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of the hydrogen tank heat leak. In addition, the discontinuity

occurring in the curves at a flow rate of 0.25 lbm/hr does not appear reasonable.
Although the correlations presented in Figure 3.2 do not appear to adequately
define the heat leak into the hydrogen tanks, it is the only data currently
available. However, if additional data becomes available, the hydrogen

tank heat leak correlations used in this portion of the program may be

updated easily.

- 3.2.2 Oxygen Tank Heat Leak

The heat leak into the oxygen tanks during nominal operating
conditions is computed in the thermal model using empirical data correlations
developed by the Beech Aircraft Company (Reference 3). These correlations
relate the heat transfer into the oxygen tank with the temperature of the
oxygen in storage, the oxygen expulsion rate and the tank outer wall

temperature. These correlations are given by the following equations:

QR = AL1 (T0s%'? - Tves?'?y - & (WVeS - HPV) (2)
QR = AL2 (TvCS®'? - TPV?'dy (3)
q = AL3 (TOS - TPV) + .9QR (4)

The value of the constants which apply to Equations (2), (3), and

(4) are as follows:

Redesigned Tank: ALl = 1.2114 x 10> BIU/HROR®*>
AL2 = .95779 x 10 > BTU/HR°R%"°
AL3 = .037753 BTU/HR°R

The amount and temperature of the oxygen in storage is computed in another
portion of the EQTANK program and wused as input for the thermal subroutine.
The outer wall tank temperature is computed within the thermal

subroutine through a series of data curve fit correlations., The data for these

24



correlations was derived from the Thermal Mathematical Model (TMM) of
the Apollo Service Module developed by TRW under MSC/TRW Task ASPO-62C.
This program is composed of over 800 lumped parameters that constitute a
thermal network specifically formated for solution with the SINDA Multi-
Option computer program. This program uses as input the results of the
Apollo Spacecraft External Radiation Heating Program , which computes the
solar absorption, the solar albedo and planetary radiation absorbed by the
Service Module (S8M) for orbital and translunar flight, to compute the heat
conductance through the SM structure. The SM program obtains its boundary
conditions for a specific mission from trajectory and attitude tapes.
The TMM program takes into account mass changes to the SM (such as SPS
and RCS propellant usages) and internal heat loads (such as ECS and EPS).
The program presently determines the temperature of each oxygen and hydrogen
tank surface assuming a uniform internal tank temperature, which increases with
mission time.

For use in the thermal subroutine, the temperature computed for the surface
of the oxygen tanks by the TMM has been averaged for each tank and  curve fit as

a function of time. The form of the resulting curve fit equations is::

2
T = ao + alx + azx + g3x

where x is the time argument.
These curve fit equations have been implemented into the thermal subroutine,
thus, enabling the tank outer wall temperature to be estimated, taking into
account the mission mode (inertial hold or passive thermal control) in addition
to the sun look angle. The coefficients for the polynomial curve fit equations
are shown in Table 3.2 together with the inherent standard deviation introduced
with their use. The first six curves presented in this table are used in the

thermal subroutine. Temnaeratures for the remaininz nndag in Table 3.2 will
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be used in lines and components model when the Integrated Systems

Program ig completed.

The first step in the oxygen tank thermal subroutine is to deter-
mine if the tank vacuum jacket is nominal or has failed. If the vacuum
jacket has failed, the heat leak is computed using methods discussed in
Section 3.2.3. If the tank is in nominal operating condition, the mission
mode is checked and the tank outer wall temperature is determined using
the correlated results from the TMM program. A Newton-Raphson iteration
technique is used to adjust the time argument of each curve to determine
the outer wall temperature. These temperatures are then adjusted to account
for the sun look angle. The temperature of the fluid in the VCS is then
computed from the temperature of the fluid in storage and the outer wall
temperature, using an iteration scheme. Once the temperature of the
VCS fluid has been determined, the heat flux is computed using Equations
(2), (3), and (4).

3.2.3 Vacuum Annulus Failure

The nominal pressure in the tank annulus under the design vacuum condi-
tion is approximately 10_7 torr (mm Hg). Depending upon the type of failure,
the annulus pressure in the failed condition will be somewhere between the nominal
pressure and the annulus burst disc pressure. Burst disc pressures for the
oxygen and hydrogen tanks are approximately 75 and 80 psia, respectively.
Within these pressure bounds, gas in the annulus may exist in either rarefied
or continuum regimes. Although criteria for determining the gas regime is
not exact, it is based primarily on the ratio of the molecular mean free
path to the amount of space available for molecular motion. This ratio
is defined as the Knudsen number (Kn). For values of Kn < 0,01 the
gas is normally treated as continuum flow, while for wvalues of Kn > 1.0
the gas is assumed to be in the rarefied regime. TFor the CSS tanks, an
annulus pressure on the order of 10_3 psia represents the transition
between the two regimes. |
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The type of analysis used to compute the amount of heat transferred
across the annulus depends upon the flow regime. For the rarefied regime

(Kn > 1.,0) the equation for determining the heat flux per unit area is

given by Reference 4 as:

@y VR =

1A e o @) %)

For continuum flow regimes, the heat flux per unit area is given by Reference 5 ast

PR i ©
2 71

An analysis was performed for the Apollo cryogenic storage tanks (Reference 6)
assuming residual gas in the annulus consisted. of air or the apérOpriate cryogen.
Data shown in Table 3.3 are a result of this analysis and represent the
heat conducted through the annulus by the residual gas. This heat transfer
is in addition to the nominal heat flux to the tanks. The data shows that
for an annulus pressure of less than approximately 10—7 psia, heat conduc-
tion by the residual gas is essentially negligible. However, heat conduction
increases rapidly with increasing annulus pressure.

Table 3.4 summarizes the total heat transferred to the tanks as a

function of the annulus pressure, Heat transfer calculations for annulus

pressures of 15, 75, and 90 psia wexre carriec cur fer continuum flow using
Equation (6). Calculations for the remaining pressures shown in Tables 3.3
and 3.4 were performed for the rarefied regime using Equation (5),

The total heat transfer to the tanks as a function of the annulus
pressure is shown in graphical form in Figures 3.3 and 3.4. These figures
indicate that for annulus pressures greater than approximately 10_6 and

10 ~ psia, respectively, for the oxygen and hydrogen tanks, the heat trans-

fer increases significantly.
29
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TABLE 3.4 CSS TANK HEAT LEAK SUMMARY

0 = qA

where: A = 13.7 ft’ A, = 17.5 £t
4] H
2 2
. 0 *
MODE & CURVE PRESSURE Log. . P oy Cond %.1. U
PSTA TORR 10 ' 9 i Nom, W
: (mm) PSIA BTU/HR/FT! BTU/ER BTU/HR BTU/HR
10z | 100%) 10% | 100z
Full { Full jFull | Full
1. H, Tank 90. 4.6x102 1.95 —_— 750. 4,51 5,5{ 755 {755
) 15. 7.6x10 1.176 _— 744, 749 | 749
Air-Res. Gas 2. x 10709 1x10-3 | -4.70 15.58 272. A 277 {277
1 x 10-5 5x10~% | -5.0 7.85 137. 142 {142
1 x 10-6 5x1073 | -6.0 .805 14.1 18.6{19.6
1 x 10-7{ 5x106 -7.0 . 0845 1.48 5.98{ 6.98
1 x 1078 5x107 -8.0 .009 .15 4,7 1 5.7
2. H, Tank 90. 4.6x103 1.95 —_— 1250. 1255|1255
H Res. G 15. 7. 6x102 1.176 —_— 1240. 1245] 1245
2 Res. Gas 2. x 1077] 1x10-3 -4.70 59.1 1033. 1038|1038
1 x 1009 551074 | -5.0 29.8 521. 526 1526
1 x 10-6| 5x10-5 -6.0 3.06 53.5 . 58 {59
1 x 10-7| 5x10-6 -7.0 .321 5.62 ‘_ ’ 10.12§11.12
1 x 108 5x10-7 | _g.0 .0338 5921 4.54 5.54 5.1 {6.1
3. 0, Tank 75. 3.8x103 1.875 —_— 2010. 17.4 25.01 2027 2035
Air Ros. Gas 15. |7.6x102  1.176 —_ 2000. A % 2017| 2025
: 2. x 1077 1x10= ~-4.70 7.13 97.6 114.6|122.8
1 x 10~5 5x10~% | -5.0 3.58 49.0 66. | 84.
1 x 10-6| 5%107°> { _g.0 .365 5.0 -t 22. | 30.
1 x 107 5x1076 | _7 ¢ .04 .55 17.6 | 25.6
4. 0, Tank 75. 3.8x%103 1.8754 —_— 1260. 1277} 1285
0 Res. Gas 15. 7.6x102 1.176 —_— 1250. ; 1267} 1275
2 : 2.0 x 1079 1x10-3 | -4.70 6.82 93.5 1 1h10.5/118.5
1 x 10-5| 5x10-4 -5.0 3.43 47.0 ¢ 5 64. 172.
1 x 10-6] 5x10™° -6.0 .350 4.8 ¥ 21.8]29.8
1 x 10-7{ 5x10-6 -7.0 .04 .55 | 17.0] 25.0i 17-6] 25.6

&

= 0.10 1b/hr.
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* The nominal heat leak values were obtained from the C88 Flight Support
Handbook (Reference 1), Figures 3.4.4 and 3.3.5 at flows of f

.88 1b/hr and ﬁH
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These curves have been incorporated into the storage tank thermal model.
When the thermal subroutine encounters a failed tank flag, it uses the
data presented in the figures to determine the heat flux to the

tank based upon the vacuum jacket pressure. This pressure is an

input to the program.

3.3 Components and Lines Model

The components and lines model is a two stage, transient and instantaneous
steady state mathematical representation of the physical system. A lumped para-
meter explicit transient model (matrix model) is used to determine the
proportioning of the flow rate from the tanks and the subsequent flow
rate distribution in the lines. The matrix model includes the
system from the storage tank to the point where the single line flow
rate is uniquely determined by the EPS and/or ECS flow requirements and
any leakage downstream of that point. Non-linear characteristics of the
various components are accounted for in the solution by iteration of a
characteristic matrix. The instantaneous steady state model (nodal model)
is used to update the component characteristics in each iteration as well
as to determine the thermodynamic properties for the entire system.

The specific configuration discussed in this document is for the
Apollo 14 B-Mission. Subsequent configurations, to be included in the
Integrated Systems Program will be modeled similarly in nature, but will
differ in the plumbing and tankage arrangement.

3.3.1 Model Description

In order to achieve an efficient method of determining the flow
distribution from the tanks, an explicit solution of an equivalent linear
circuit is used as the first stage of the matrix model. The nonlinear
characteristics are determined by the iteration of a characteristic matrix,

This method of solution was chosen over a response vector iteration
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technique because it assures a flow balance (conservation of mass) for each
individual iteration as opposed to a near mass balance for the final
iteration only. That is, the scheme chosen will enable a wider band
convergence criteria than alternate methods. The linearization required
for this type of solution was»developed using the following electrical
analogy.

The instantaneous pressure drop for incompressible flow across a

line with inlet at station i and outlet at station j is given by:

)
o[ 4L A . 7)
APy ‘( D> Ze. (
ij

Since

m = pVA, (8)

Equation (7) becomes
4FL w2
AP, = [==) - (9
i-j D 2 A2
ij c

Introducing a mean density between i and j as

5 f
LJW
[

+P

T.+T, ° (10)
i3

pij =

the following equation is obtained

2 2

B - R = R (et [(HER) a2 - (11)

9 A2 i 7] D
g, 15}

Noting that for laminar flow in a cylindrical cross section

Re o
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Equation (11) becomes

p2 - p2 <
o) g
Ec
setting
p? = g
and
Ih=I £y
Equation (13) becomes
I
AE:E’
where
G = —g——i
ZgCA
For a perfect gas
v
ydo _ _o
odt RT2

Introducing Equation (14) into Equation (18) results in

Vo

do

R .
—2  (T.+T,) (16IuL
2( i J) (16IpL) m

v

+
(Ti Tj) (16HuL)ij

[¢]

dt ~ opr Vg

d& _ Vo/E dr

dt

That is, in the transform variables

dE

C— -1, =

where C is an equivalent capacitance equal to

c

dt

v
0

R

= JRTP

>

RT2 dt
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and IR is an equivalent residual current given by:

I, = -2 == (22)

v,3 - va (23)
and has an equivalent electrical circuit representation equal to:

dE _
Ce -1 = 0T (24)

The overall flow dia ram of the program is shown in Figure 3.5.
Subsequent to initialization, the program evaluates the capacitance
and residual current terms , and the conductances for the various
legs required by the matrix mode, The conductances are initially
evaluated from input resistor data and subsequently from resistor values
calculated in the nodal component model. The matrix model evaluates the
pressures at the various leg intersections from which the flowrates in the
various legs are determined. The nodal component model processes the flow,
pressure, and temperatures at each component and re-evalutes the component
resistance values for resulting non-linearity. If only minor adjustments to
the resistor values are required, the program proceeds to the next time step.
Otherwise, the program returns to obtain a finer evaluation of the leg inter-

section pressures and flows.

3.3.2 Matrix Model

The matrix model is used to evaluate the pressure at the various flow
line intersections as a function of tank conditions,and oxygen and hydrogen flow

requirements, Separate models are used for the oxygen and hydrogen systems.
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Schematics of the matrix models are shown in Figures A-1 and A-2 (Appendix IITI)
for the oxygen and hydrogen systems. The models process a set of linear simul-
taneous equations for a finite time increment, The characteristic matrix

has two floating columns and rows and the boundary condition vector has two
floating columns. These additional elements are used to expand the system of
equations to incorporate up to two leaks at arbitrary locations in each of the
systems. For compressible flow such as leaks and overboard venting in which the

flow is choked
= K (25)

This electrical equivalent is a short to ground given by

=1
E=% (26)
where
A, X
G = £ o (27)
P, /T,
i i

Heating or cooling of the fluid in the lines due to an interchange of
energy with the bay environment is modeled as a:single pass heat exchanger

with a constant sink temperature T, over a given length. The relation is

S
T.-T, ~UA/%
N I " 1-e /mCP (28)

or for direct incorporation into Equation (13)

-UA/T -UA/mC
T a1, = 7_(1-e ATy 41 (1407 ™) (29)
J 1 S i
Substituting Equation (29) into Equation (13) the pressure loss across a line

segment becomes
2 2 R ['r (l__e—UA/ﬁtcp) N Ti(1+e—UA/mcp)} 16MuL (30)
i S
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where UA is a linearized radiant interchange factor given by

g

UA==8

2 2
eA (:a'rS + Tj+Ti) (4TS + (Ti+TS) ) (31)

Equation(30)is the final line pressure loss equation for compressible fluid

flow and heat addition from the surrounding environment,

A typical lumped parameter equation used in representing the oxygen sys-
tem is:

dE2
G,(E, - E,) — + G4(E2 - E4) + G

3(E; = Ey) = C¢ E, - Ejp) - I

1072 10 R2

where the subscripts refer to node location numbers and line legs. The hydro-
gen system lumped parameter equations are similar to the oxygen system equa-—
tions. A complete list of the lumped: parameter equations for both the oxygen
and hydrogen systems is presented in Appendix III along with figures indicating
node locations and tables presenting the line volumes used in the capacitance
and residual current terms.
3.3.3 Nodal Model

The nodal components model processes the flow, pressure and temperature
at each individual component. These components are analyzed as follows:

Lines and Fittings

The pressure loss in lines including fittings and bends from inlet i to out-
let j is calculated by

2 2 [128uLr

i 3 'nngl- (,Ti + Tj) m (32)
C

L]
1
)
[

where the temperatures are evaluated from Equations (30). Bend losses
are incorporated by an equivalent L/D. The dependence of L/D to bend angle is

shown in Figure 3.6. B-nuts and fittings are incorporated by an equivalent L/D of

3.0.
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Filters
The pressure loss across a filter is evaluated similar to the pressure losses

computed for the lines and fittings except that due to the relatively short

length the flow process is assumed adiabatic. That is, from inlet i to

outlet j:

p 2 _p2 _ [256uR
i i "gCD4 Ti m (33)

The equivalent L/D for filter is assumed to be 100.0.

Check Valves

The pressure loss across check valves is evaluated similar to that computed

for filters where:
P 2 P 2_|256uLR T

when the valve is open, and:

(35)

when the valve is closed.

The conductance term, G, used in Equation (35) is illustrated in

Figure 3.7, Note that negative reseat and cracking pressures may be used
to simulate back flow or internal leakage.

Relief Valves

Relief valves are evaluated in a manner similar to that used for evaluating

the check valves where:

2 2 256 uLR (36)
Pi - P, = "'—'"'4““T'ﬁl
J mg D+t
[
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when the valve is open, and
1 . (37)
P - P c 0

when the valve is closed.

The conductance used in Equation (37) is presented in Figure 3.8.
Negative cracking and reseat pressures may be used to simulate

check wvalve malfunction.

Shutoff Valve

The shutoff valve pressure loss is calculated similar to that of a

filter. For this calculation the L/D ratio is set equal to 10 when the valve

R . -8 R
is opened and the conductance is set to 10 = when the valve is closed.
Restrictors

The pressure drop across the flow restrictors is evaluated using the

data shown in Figure 3..9.

Overboard Vents and Leaks

The effect of overboard vents and leaks on the system performance

is evaluated assuming the flow through the leak or vent is sonic, and applying

Equations (25) and (26).
A schematic of the nodal model network for the oxygen system is
shown in Figure 3.10. Constants used in the system are given in Table 3.5.

A schematic of the nodal model network for the hydrogen system is shown on

Figure 3.11.° Constants used in the system are given in Table 3.6.
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FIGURE 3.7 CHECK VALVE RESISTANCE CHARACTERISTICS
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1
Table 3.5 Oxygen System Constants

LEG NO NODE NO L. D A P, P SINK
(IN) (1Y) (I¥%)  (LB/IN?) (LB/IN?) INDEX
1 10.50 0.21 999. 977.
1 2 63.54 0.21 163
3 0.0346
5 18.30 0.21 163
2 6 21.00 0.21
7 42.26 0.21 163
8
10 74.65 0.21 163
11 79.08 163
12 89.50 150
3 13 46.32 151
14 21.00 3. 1.5
15 5.85 0.21 151
16
18 8.15 0.21 151
19 18.62 151
4 20 2.10
21 54.39 151
22 40.06 0.21 151
23
24 42X105 0.21 3. 1.5
5 25 32.11 0.21 151
26
27 10.50 0.21 999. 977.
6 28 16.62 0.21 151
29
30 36.62 0.21 151
7 31 21.00 0.21
32 37.11 0.21 151
33

lData obtained or derived from system drawings and References 9 and 10.
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Table 3.5 (Cont'd)

35 18.29 0.21 151

36 21.00
8 37 43.39 151
38 16x10° 0.21 1.5
39
40 21.63 0.21
9 41 24.92 0.21 151

42 16x10° 0.21 1.5
43
44 80.25 0.21 152
45 24.32 152
4  78.03 153
47 17.92 160
48 64.49 160
49  16.30 0.21 160
50  81.66 0.18 161
51 61.24 161

10 52 29.26 161
53 31.62 0.18 162
54 21.00 0.21
55 20.32 0.21 162
56
57 85.64 0.21 162
58
61 29.37 0.21 151

11 62  21.00 0.21
63  39.06 0.21 151
64

12 65 18.71 0.21 151
66
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Table 3.5 (Cont'd)

67 10.50 0.21 1000.5  977.

13 68 25.14 0.21 151
69
70 25.51 0.21 151
71 86.01 152
72 20.32 152
73 77.62 153
74 17.29 160
75 56.21 160
76 16.80 0.21 160
77 82.91 0.18 161

14 78 57.73 0.18 161
79 34.73 0.18 161
80 18.69 0.21 162
81 21.00 0.21
82
83 5.35 162
84

15 87 43.94 0.338 151
88 0.0897

16 91 45%10° 0.21 3. 1.5
59 2.76 0.21 162
60

5

17 92 42x10” 0.21 3. 1.5
85 10.05 0.21 162
86
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Table 3.6 Hydrogen System Constants 1

LEG NO  NODE NO Lggg D Age 1 Pc(z) p, ) o
(IN) ()  (IN2) (LB/IN?)  (LB_/IN) INDEX

1 101 40.67 0.21 154
102 33.86  0.21 155
103
104 59.22  0.335 156
105 84.70 156
106 62.09 157

2 107 39.60 152
108 51.53 158
109 174.10  0.335 159
110 0.880

3 111 61.86 0.21 155
112
113 10.50 0.21 281.5 273.5

4 114 23.28  0.21 155
115
116 10.50 0.21 280. 274.

5 117 16.76  0.21 155
118
119 23.14  0.21 155
120 21.00

6 121 23.80 155
122 126x10° 0.21 3, 1.5
123
124 21.00 0.21 3. 1.5

7 125 33.14 155
126 22.93 155
127
132 21.00
128 28.49 155

8 129 126x10° 0.21 3. 1.5
130

1Data obtained or derived from systems drawings and References 9 and 10.
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3.4 Thermophysical Properties for Nxygen and Hydrogen

Computer subroutines for computing the thermophysical properties
for oxygen and hydrogen have been developed for inclusion into the Apollo
Cryogenic Systems Programs. The majority of the data used in these subroutines has
been recommended by the National Bureau of Standards (NBS). That data not
available from the NBS was taken from Reference 11 (Stewart). 1In general,
these subroutines determine pressure (P), temperature (T), density (p),
enthalpy (H), the specific heat at constant pressure (cp), the specific
heat at constant volume (cv), viscosity (u), thermal conductivity (k),
isotherm and isochor derivatives and the functions ¢ and €, providing
sufficient information concerning the fluid state is known. The data
is included in the subroutines both in equation and table form. A
routine is also included in the subroutines for interpolating between values

from the tables.

3.4.1 Oxygen

Data contained in the subroutines for computing the thermophysical proper-
ties of oxygen were taken from References 11, 12 and 13. References 11 pre-
sents an equation of state for oxygen determined by R. B. Stewart. The isotherm
and isochor derivatives were derived from this equation. While Reference 12
(Weber) also presents data for the isotherm and isochor derivatives, the results
derived from Reference 11 are valid for a greater range. Both sets of data
were included in the thermophysical subroutines to provide greater flexibility
since the derivatives derived from Reference 11 may be determined with known
values of temperature and density, while the data from Reference 12 requires
that either pressure and temperature or pressure and density be given.

Although the Weber data is preferred by NBS, the results using the equation

developed by Stewart are quite acceptable for practical application.
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The equation of state provided by Reference 11 may be used to compute
pressure from known values of density and temperature. This equation is
valid for temperatures between 117 and 540°R and for pressures to 5000 psia.
The equation of state is as follows:

2 4 6, 2
+ nB/T + na/T + nS/T )p
2
)o>

P=pRTH+ (an + n,

+ (n6T2 + n7T + ng + ng/T + nlO/T
+ (nllT + nlz)p4 + (nl3 + n14T)p5
+ p3(n15/T2 + n16/T3 + n17/T4) exp (nzspz)
+ ps(nlS/T2 + n19/T3 + nZO/T4) exp (n25p2)

7 2
+ p (n21/T + n22/T3 + n23/T4) exp (n25p2)

(n..+1) n n n n
28 28 28 28 28.2 _ 2
+ 0,0 (CI ) exp [n, (0 " =p_ )T+ n27(T TC) 1 (38)
where: p = 13.333 gmol/liter, critical density
C
Tc = 154.77 oK, critical temperature

In this expression, P is in atmospheres, T is in oK, and p is in gmol/liter.
The constants for this equation are given in Ta»le 3.7.

Equation (38) is programmed in Subroutine @DTP. The subroutine converts the
units of demsity from 1bm/cu-ft to gmol/liter and temperature from °R to

°k prior to use. The output pressure is in psia.

3P

The isotherm derivative, 5o | is the partial derivative of Equation (38),

with respect to the density at constant temperature, and is given by:

3R | _
———‘T-RT+ I X (39

Values for the variables in this equation are presented in Table 3..8.
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TABLE 3.7

CONSTANTS FOR STEWART'S EQUATION OF STATE

R = 0,0820535

3,38759078 x 10 >

-1.31606223

1.92049067 x 10°

1.92049067 x 10’

-2.90260005 x 10°°

~5,70101162 x 10™°

7.96822375 x 10>

6.07022502 x 10>

-2.71019658

10

11

12

13

14

15

16

17

18

= ~3,59419602 x 10

= 1.02209557 x 10°°

1074

= 1.21708394 x 10>

= 1.90454505 %

= 2.44255945 x 1072

102

10°

= 1.73655508 x
= 3.01752841 x
= -3.49528517 x 10’

= £.86724004 x 10+

19

20

21

22

23

24

25

26

27

28

~2.67817667 x 10°

1.05670904 x 10°

5.63771075 x 10>
~1.12012813
1.46829491 x 107
9.98868924 x 10
~0.00560

-0.157

~0.350

0.90
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TABLE 3. 8 - VARIABLES FOR COMPUTING ISOTHERM DERIVATIVES

7 %
2pT X9 = 3p7/T X17 = f6/T
2.2 _ 2
2p XlO = 3p7/T XlS = f7/T
2 3 _ 3
20/T Xll = 4p°T X19 = f7/T
4 3 _ 4
20/T X12 = 4p XZO = f7/T
6 4 _ 2
2p/T X13 = 5p X21 = f8/T
22 4 . 3
30T Xy, = 50 /T X,, = £g/T
302T X = f /T2 X = f /T4
15 6 23 8 (n N (n )
2 3 _ 28+1° 28+1
30 X6 = £6/T Kog = Fofpfg + 0 flofz * P Fof11
2 _ 2 3
exp (n25p ) f6 = 3flp + fsp
n n 4 5
0 28 _ 0 28 f7 = Sflp + fSp
€2 6 7
) f8 = 7flp + fsp
exp [n, f, + n,_(T-T )7] _ nog
262 27 c fg = (nyg,4) P
2n, _(T-T )£ _ (n )
27 ¢’ 3 flO = n28p 28-1
2f =
1% P25 £11 = 285796310
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The coefficients n, are the same as that for Equation (38)., The subroutine
for computing the isotherm derivative is @DTIT. This subroutine converts
density from lbm/cu-ft to g.mol/liter and temperature from °R to °k prior to
its use in Equation (39). The output derivative is in units of psia—ft3/lbm.

The isochor derivative, i , is the partial derivative of Equation
P

T

(38), with respect to temperature at constant density and is given by:
— = pR +
0 o % niXi (40)

where the n, are the same as those listed for Equation (38). The variables
in this equation are shown in Table 3.9.

The subroutine call for computing kb is PDTIC. The procedure for

3T
conversion from one set of units to the othes is the same as for Equations
(38) and (39). The output derivative is in units of psia/oR.

In addition to providing data for the isotherm derivative and the iso~
chor derivative, Reference 12, included data for density, enthalpy, specific
heats (at constant pressure and volume) and the functions 6 and ¢ . All are
in tabular form. Further flexibility was provided by permitting these proper-
ties to be determined from known values of pressure and temperature or from
pressure and density. These tables are valid for temperatures from 100 to
540°R at 5 degree increments and for pressures ranging from 588 to 1029 psia
at increments of 73.5 psi. Table 3,10 lists the subroutines for determining
each of the thermophysical parameters. In these subroutines, pressure is in
psia, temperature is in °R and density is in 1bm/ft3.

Data from Reference 13 is also in the form of tables and provides

viscosity and thermal conductivity as functions of pressure and temperature.

This data is valid for temperatures ranging from 180 to 540°R at increments
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TABLE 3.9

VARIABLES FOR COMPUTING ISOCHOR DERIVATIVE

_ 3,.2 - 5
X9 = -p~ /T X17 = 4pfl/T
3,3 5. .3
XlO = -2p7/T X18 = ~2p fl/T
2,3 5
~207/T Xll = p4 X19 = ~3p
2
~4p /T5 X1,=0 X0 = —495f1/T5
6021’ Ky = 0 s S -2p7fl/T3
5,2 a7 ok
Xl4 = ~p" /T X22 = ~3p fl/T
3, .3 _ 7,5
XlS = =2p fl/T X23 = ~4p fl/T
3 4 (n )
X, . = -30°f,/T _ Mgy
15 1 X24 = p f2f4
2
= exp (n28p )
Mg )8
=p - P
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of 18 degrees and for pressures from 588 to 1029 psia at increments of 73.5

psi. The subroutines for determining these parameters are listed in Table 3.10.

3.4.2 Hydrogen

The thermophysical properties used in the hydrogen subroutine are
based upon computer programs developed by the NBS (Reference 14). These
properties are valid for pressures from 1 to 5000 psia and for temperatures
ranging from 25 to 5000 °r (enthalpy from -130 to 20,000 BTU/1b). 1In the
NBS programs all thermophysical properties are determined from known values
of pressure and temperature and include enthalpy, density, specific heats
for both constant pressure and constant volume, viscosity and thermal
conductivity. However, in the subroutine developed for the Apollo
Cryogenic System Programs, provision has been made to compute the pressure and
temperature from other known properties. The pressure, density and tempera-
ture are in units of psia, lbm/ft3, and OR, respectively.

Pressure, psia

The NBS program expresses hydrogen density as a polynomial equa-
tion in terms of pressure and temperature, p = p(P,T). In the subroutine
HPDTT ( o, T, PA), pressure is determined from this equation as a function
of density and temperature using a Newton-Raphson iteration method. PA is
an a priori value of pressure required to initiate the iteration and shogld

be estimated as closely as possible to the actual value.

Temperature, °r

Temperature is computed in a manner similar to that of pressure
as a function of the pressure and density, The subroutine call is

HPDTT (P, o, TA) where T, is the a priori value of temperature required

A
to initiate the iteration.
Table 3.10 lists the subroutines for determining the above properties

as well as other parameters,
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TABLE 3.10

THERMOPHYSICAL PROPERTIES SUBROUTINES

PROPERTY UNITS INPUT VARIABLE SUE&EETINE REFERENCE
OXYGEN
Density 1bm/£t> P&T gpPTD 12
Enthalpy btu/1lbm P&T YPTH 12
Enthalpy btu/1lbm Pé&p @PDH 12
Function 6 btu/lhm P&T @PTPT 12
Function ¢ p31a~ft /bty P&T @PLPT 12
Isochor p51a/ R T&p @DTIC 11
Isochor p51a/ °R P&T @QPTIC 12
Isochor p51a/ °r P&p @PDIC 12
Isotherm psia~ft3/bty T&p @PDTIT 11
Isotherm psia~f t3/btu P&T @PTIT 12
Isotherm ps1a—ft /btu P&p @PDIT 12
Pressure OP51a Té&p PDTP 11
Specific Heat, R/1bm P&T QPTCP 12
Cp .
Specific Heat, R/1bm P&p @PDCP 12
Cp .
Specific Heat, R/1bm P&T @PTCV 12
Cv
Specific Heat, °R/1bm P&p @PDCV 12
Cy
-IThermal Conduc-| btu(ft/hr)/ P&T PPTTC 13
tivity ft2/°R
Temperature °r 9 P&p OPDT 12
Viscosity 1bf-hr/ft P&T QPTV 13
HYDROGEN
Density 1bm/ft 3 P&T HPID 14
Enthalpy btu/lbm P&T HPTH 14
Function 9 btu/lbm P&T HPTPT 14
Function ¢ nsla—ft3/btu P&T HPTPT 14
Isochor p81a/ R P&T HPTPT 14
Isotherm psia ft 3/btu P&T HPTPT 14
Pressure Psia T&p HPDTT 14
Specific Heat, “R/1bm » P&T HPTCP 14
CP P&T
Specific Heat, °R/1bm P&T HPTCV 14
Cv
Thermal Conduc-~ btuéft/hr)/ P&T BPTTC 14
tivity / °R
Temperature P&p HPDTIT 14
Viscosity lbf—hr/ft P&T HPTV 14
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4.0 PROGRAM RESTRICTIONS

The EQTANK Program is comprised of quasi-static equilibrium thermodynamic
relations. Because of this, there are certain considerations that should be
taken into account when using the program results. First, the total energy
added to the fluid in a tank predicted by the EQTANK program may be higher
than in actual practice because under actual conditions the colder fluid
will be expelled, while the EQTANK model assumes that uniformly heated fluid
is expelled. This leads to an overestimate of the amount of electrical power
necessary to operate the CSS heaters and fans. Heater "on" times and cycle
times predicted by the EQTANK program will also be longer than those experi-
enced in flight due to the effects of stratification. 1In addition, the
results of the EQTANK program will not resolve the change in pressurization
decay rates from immediately after to immediately prior to tank heater
energization.

The deviations described above are problems of resolution rather than
of overall performance analysis deviations and do not limit the usefulness
of the program. However, these restrictions should be accounted for in
interpreting the program results.

Under high oxygen flowrate requirements, such as during extravehicular
activity, turbulent flow may develop in the CSS lines or components.
Although subroutines for both turbulent and laminar flow pressure loss
evaluation are present in the PLMBNG program, the current version assumes
laminar flow for all conditions. When incorporated into the Integrated
Systems Program, the PLMBNG model will be capable of evaluating the flow

regime and will compute the resulting pressure loss accordingly.

60



Currently, it is assumed that fluid leaving the CSS tanks reaches
approximately ambient temperatures very rapidly. It was therefore assumed
that the fluid could be considered a perfect gas. However, if simulations
indicate that this assumption is unwarrented, a compressibility factor may
be included to better simulate»the real fluid. This factor may be obtained

from the Thermophysical Properties Subroutine.
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5.0 RECOMMENDATIONS

It is recommended that effort be directed toward determining model
accuracy by operating the program for flight conditions and comparing the
results with flight data.

It is recommend that the subroutine for predicting the potential
pressure collapse as a function of flowrate, tank quantity and acceleration
level be extracted from the EQTANK program and put into a form suitable for
use during a flight.

It is further recommended that a simplified model be developed to
determine the effects of stratification on heater cycling for incorporation
into the CSS Integrated Simulation Program. This model would be in addition
to the current model which approximates potential collapse pressure. A
necessary step to the model development is the determination of the volume
and density of an effective hot gas bubble next to the heater from flight
data. The hot gas bubble determines the pressure in the tank and, thus,
controls the heater cycle time. The method to accomplish this has been

formulated. This model could be completed using Apollo 14 flight data.
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A
c

ACCELN(I,J)

CYTIME(I,J)
D

DPCDT

DPDT (I,J)
DPDTD
DTG(I,J)

E

£
FTANK(I,J)

G

HPV
HTON(I,J)
HVCS

I

Ir

APPENDIX I
NOMENCLATURE

Area, inz.
. 2
Surface area of the inner tank , ft~.

Accommodation coefficient, equal to 1.0.

Logarithm (base 10) of the acceleration magnitude in

earth gravities, dimensionless.

Capacitance anal C = _22_ 1bm —ixﬁ/lbfz
p c a og t] 2RTP 9

Specific heat of fluid at constant pressure, btu/ (1bm-R).

Specific heat of fluid at constant volume, btu/(lbm - 0R).

Length of heater cycle, min.

Line diameter, in.

Total derivative of potential collapse pressure with

respect to time, psia/hr.

Tank pressure rise or decay rate, psia/hr.
Dummy tank pressure rise rate, psia/hr.

Time for tank pressure to change x psia, hr.

2 1belhd.

Electrical potential analog, E = P
Friction factor, dimensionless.
Tank flowrate, 1lb/hr.

Conductance analog 1bf2—hr/(lbmrié)
Gravity constant lbm—in/(lbf—hrz)
Enthalpy of stored fluid, btu/lbm

Heater on time, min.

Enthalpy of fluid in vapor cooled shroud, btu/lbm.

Current analog, I = m, 1lbm/hr.
on dT
Residual current analog, I, = —F =

= g5
R RT2 dt
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IFAND Dummy pressure control‘ switch flag for fan, dimensionless.

IFAN(T,J) Pressure control switch flag for fan, dimensionless.
THTRC(I,J) Heater cycle counter, dimensionless.,
IHTRD Dummy pressure control switch flag for heater, dimensionless.
IPS(I1,J) Pressure control switch flag for each tank, dimensionless.
ISFD Dummy fan control switch flag, dimensionless.
ISHD Dummy heater control switch flag, dimensionless.
k Thermal conductivify, btu/(hr—ft—oR).
K Constant, K =(_g§-rl>'§ (—I%-l-)_?% s lbm—oRl/Z/ (1bf-hr).
Kn Knudsen number, A/1, dimensionless.
1 Characteristic length, ft.
L Length, in.
M Gas molecular weight, 1lbm/(1b-mole)
n Mass flowrate, 1bm/hr.
n Ratio of specific heats, cp/cv, dimensionless.
N Polytropic exponent for gas lines attached to tank,
dimensionless.
pVOD
NRE Reynolds number, 0 dimensionless.
P,p Pressure, psia
Pc Collapse pressure, psia
PBAR Average tank pressure over time interval, TCALC, psia.
PC(I,J) Potential collapse pressure, psia.
PCT Percentage of cryogen in tank, percent.
PHED Dummy tank thermodynamic property, ft3—psia/btu.
PHI(T,J) Tank thermodynamic property ¢, ft3—psia/btu.
PNEXT Pressure at which pressure switch will change position,
psia.
PPPR Partial of pressure with respect to density, ftB—ORllbm.
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PPPT
PRCNT (I,J)
PTPP(I,J)
PTPRO

q

q

Q

Q(,J3)
QLEAK (1,J)
QR

r

RHOBAR
RHO(I,J)

t

T

TBAR

TCALC
TEXIT(I)
THETAD
THETA (I, J)
TLIMIT(I,J)
TOS, T

1

TPY,T,

TVCS

Partial of pressure with respect to

temperature, psia/oR.

Usable fluid remaining in tank, percent.

. o) .
Partial of temperature with respect to pressure, R/psia.

Partial of temperature with respect
Total heat input rate, btu/hr.

Heat leak flux, btu/(hr-ft2)

Heat leak, btu/hr.

Total tank heat input, btu/hr.

Tank heat leak, btu/hr.

Radiation heat leak, btu/hr.

Mean pressure vessel radius, in.
Universal gas constant.

Inner tank wall radius, ft.

Outer tank wall radius, ft.

Average tank density over time interval, TCALC, lbm/ft~.

Tank fluid density, lbm/ft3.
Time, hr.

o
Temperature, R.

Average tank temperature over time interval, TCALC,

to density, 0R—ft3/lbm.

3

°z.

Time interval chosen for updating all CSS tanks, hr.

Temperature of oxygen leaving vapor cooled shroud, °R.

Dummy tank specific heat input, btu/lbm.

Tank specific heat input, btu/lbm.

Time for tank pressure to reach pressure switch limit, hr,

Temperature of tank outer wall, "R.

Temperature of tank outer wall, "R.

Average temperature of fluid in wvapor cooled shroud, °R.
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Internal energy of fluid, btu/lbm.

Overall heat transfer coefficient, btu/(hr—inz—oR).
Fluid velocity, in/hr.

Tank Volume, ft3.

Tank Volume, in3.

Volume of lines attached to tank, ft3.

Weight of fluid in tank, 1bm.

Young's modulus for tank material, psi.

Tank material thermal expansion coefficient, 1/°R.
Tank thickness, in.

Time rate of change of pressure, psia/hr.

Isobaric derivative for fluid, °ert3/1bm.

Isochor derivative for fluid, 0R/psia.
Difference, dimensionless

Emissivity, dimensionless

Thermodynamic function, ~p;§§—i , btu/lbm.
Mean free path, ft. ° P

4550 = (T, - T,).

Viscosity, 1bm/ (in-hr).

Fluid density, lbm/in°.

Fluid density, 1bm/ft3.

Stephan—Boltzman constant, o0 = 1.1x10—ll, btu/(hr—inz-oRﬁ).
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Y Poisson's ratio for tank material, dimensionless

S Thermodynamic function, — %%; , psia—ft3/btu.
U] Line bend angle, degrees.

Subscripts

a Upstream of a leak

b Downstream of a leak

B Source (battery)

c Cracking

c Leak leg

g Gas

i Inlet

J Outlet

r Reseat

R Residual

s Sink

T Total

X Leak location

Index

1 Gas flag: 1 for hydrogen; 2 for oxygen
J Tank flag: 1, 2, or 3
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APPENDIX TII

DERIVATION OF dp/dt FOR VARIABLE VOLUME TANKS
DUE TO PRESSURE AND TEMPERATURE CHANGES

Introduction: An expression for the rate of change of pressure for the cryo-
genic storage tanks has been developed for a constant volume (Reference A-1) and

for variable volume caused by tank stretch due to pressure changes (Reference A-2).
The latter expression is:

dp = 40 " . ¢
at v "ty d
30¢pr

1+ '*é‘t—:']::-— (1-v) (l)

where:

0 = - dh
P (Bp)p 2)
1 e
= (8u)

©
|

(3)

= Cryogen flowrate, lbm/hr.
Heat flux, BTU/hr.

< o B o
it

= Volume, cu ft.
= Density, lbm/cu ft.
= Inside tank radius, in.

Wall thickness, in.

B e "D
I

= Young's Modulus, psi

v = Poisson's ratio, dimensionless
= Internal energy BTU/lbm
= Enthalpy BTU/lbm

If Young's Modulus, E, is taken as infinity (no tank stretch), Equation (1)
reduces to the expression for dp/dt as presented in Reference A-1,

The expression for dp/dt considering variable volume resulting from
tank stretch due to both pressure and temperature changes is developed in
this Appendix. For completeness, a portion of the derivation from Reference
A-2 is also presented.
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Derivation:

The First Law of Thermodynamics may be written:

dE _ oy dv
dt 4t mh - Py
where: E = Energy of the system
h'= Enthalpy at initial state
t = Time

If it is assumed that the system is simple at uniform pressure, p, and that
kinetic and potential energy may be neglected, then

E = mu = pVu

and
dVu) B av
it = g+ mh paE
ud (pV) du ) d (mv)
WY vEE o '
dat PVgg =9+ mh = pgy
where: v = %—= specific volume.
Now u="h - pv,
Then udm | oVd(h-pv) _ S _ pmdv _ pvdm
i * ¢~ atrmh at - dc
um + pV dh ~ pV d(pv) = q+mh' ~pmdv - pvm
dt dt dt
m(u + pv) + pV dh - pVp dv - oVv dp = q + m h' -pm dv
dt dt dt dt

. P . .
mh+pVdh-mpgde -V dp = q+mh' - p/m/av
dt dt dt ’ dt

Vdp=pVdh~q+m(h- h')
dt dt

dp=pdh-g+m . .,
dt dte VvV V (b - h').

Since h o h', the last term is negligible.
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do
p dt

Fls

ThuS,_ClP_=pilf_1—_g~
dt dt Vv
Assume that
h = h(p,p).
then
dh = 3h | dp + dh
ap 'p 3p
dh=5h | dp+2h
dt dp 'p dt P
Now,
V = m
b
and do _dG@) _ldm _m av
dt “‘CTE— dt V2dt
so, dh=3h | dp+2h | [pdn
dt op 'p dt dp 'p m
Substituting for @ from Equation (2)
dh _3h | dp 0 . 6dv
dt dp 'p dt  m VvV dt
Since h=u+pv=u+-P—’
19
then ah 3u P
L L P
ap 'p 3 lp (o) lp
ap
TR
p P P b p
So, . o
dh Ju 1.4dp ©
o= += -=m+ =
dt [ 3p 'p o) ] dt m \
Substituting for ¢ from Equation (3)
¢h_ 1 ,1,dp_ 0., 04V
at [ pd + p ] at m ™" + V dt
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It is at this point that the assumption that tank stretch is a function of
both pressure, p, and temperature, T.

av _ 3V | dp 3V | dr
dt  3p 'T dt = 3T 'p dt (6)
It is necessary to determine dT/dt
dr _ 3T\ dp T | do
dt  3p 'p dt = 3p 'p dt (7)
Now, m = pV
dm _ dp av
dt dt V+ e e
So, do _m _p dV
dt v ~ v dt (8)

Substituting Equations (8) into Equation (7), and substituting Equation (7)
into Equation (6), results in:

av _
dt

oV

dp
Bp T [

é£.+ 3T
T dt BT P

m _p dv
dt P (§ - ) ]

vV dt

For convenience, the following substitutions have been made:

v _ 3V
A= EE'IT B =37 Ip
3T 3T
C = — D= —
op io 9p 'p
Then,
av _ ,dp dp m _ p dv
dt Adt +BICg D ( v dt) ]
av _ dp m_BDp dV
dt (A + BC) it T BD 3 vV dt
BDp, 4V _ dp , BDm
1 5 i (A + BC) Friie
"dp . BDh
av _ (A + BC) at v -
dt 1+ BDp

v

Substituting Equation (9) into Equation (5),
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dp m
dh _ [ i_.+.l 1 dp _,Q'ﬁ + 9.[ (4 + B0 dt T v ]
dt fe30) o] dt m v 1 BDp

Ty
dh 1 ,1.4dp 0. 0 dp Ih
—=[=+= - = e &+ BD <
e - logtola - n™t ey [ A+ B0 g + B0y ]
dh L 1 0(A+BC),dp _ Oh  OBDR
dt pd  p V+BDp dt m V(V+8Dp)
But from Equation (4)
gb..:!:éﬂ-’--_.._
dt p dt oV
Therefore,
196, q 0(A+BC) d _ oh , OBDA
P dt+pv‘ p¢ /lz V+BDp s V (V+EDp)
and,
[L+G(A+BC)]d dp _ 6m _ ©BDm q_
o¢ V+BDp m V(V+BDp) oV
resulting in:
Q@'+ 9 _ OBDm
dp _ pV oV V{(V+BDp)
dt +0 (A+BC)
p¢ V+BDo
or,
_,JE $9 _ O¢BDmp
dp _ vV V(V+BDp)
dt 1+ $0p (A+BC)
V+BDp
Substituting for A, B, C and D
: O¢m
omo . ¢q _ ‘“’ }paop
v \ BV
’ V(e o | 3 ])
dp _ T 'p 3p
dt 9V oV 9T
00 G o+ o |55 1)
Vv oT
Ve lpBo Ip
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Reference A-2 presents the derivation for change in volume with respect to
pressure at constant temperature as:

—3.1)— 'T - E_l—:—E.T (l—U) . (ll)

The change in volume with respect to temperature may be obtained as follows:

CUANTCL Al

oT 'p or 'p oT 'p

OV _ 3 A3y 2 - 3V
5r " ar (3T = At o=om

For small changes in temperature, then

oV _ 3V Ar
T lp T AT - 3aV (12)

where o = coefficient of thermal expansion, /°R.

Substituting these expressions into Equation (10) results in:

) AT
0 3ap —
. ¢m 3ap 30 |p
Om¢ + ¢g - 3T
v V. Vv (I4p3c — | )
dp _ ap 'p
dt 3r - 3T (13)
1+ ¢®p(2tE (1 = v) +3a 3 p)
T
1+ 3op EE'lp

It is necessary to account for one additional effect which results in a
variation in the change in volume with respect to pressure. This effect is

the compression of the fluid in the fill and vent lines of the tank. These
lines extend from the pressure vessel to the warm environment. The fluid at

the cold ends is relatively incompressible as compared to the near ideal gas
conditions at the other ends. When pressure increases, the fluid in the lines
is compressed by the expanding stored fluid which move up the lines. To account
for this effect, it was assumed that the lines will be filled with an

ideal gas at ambient temperature and that no mixing between the tanked

cyrogen and the perfect gas would take place. Then:

n
sz = constant.
. 3
where: V2 = line volume, ft
n = polytropic exponent equal to 1 for a isothermal process

or the ratio of specific heats for an isentropic process.
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Thus, _1dV
vi 9B 4 vt 20 g
2 dt 2 qt
or
dV2 - —Vz dp
dt np dt (14)

»

The mass flow, m, is the total flow from the tank:

) 2 (15)

flow to EPS and ECS subsystems, lbm/hr

m, = pdVZ = flow from fill and vent lines, 1lbm/hr
dt
Note: Flow out of the tank is negative in sign.

where: m
o

Substituting Equation (14) into Equation (15) yield:
m=m -p’
np

CLK}
e

When this equation is substituted into equation (13) and rearranged, the
resulting expression is:

. ) oT
9gim + gq - % "o 3o 3p Ip
VvV o v v 5T
1+ o
dp _ ( i p 3o % IP)
dt 0¢ pV, 0¢ V,30p“ 9T 3T _ T
1+ 5 2 -5 2 “55'19 L 900G - v+ 3aap]p)
np 3T ' oT
1 _— 1+ 3oap —
o (1 + Japgs [) 3 I (16)

Thus, Equation (16) describes the rate of change of pressure for a variable
tank volume considering both pressure and temperature changes. WNote that if

the coefficient of thermal expansion, o, is equal to zero and if the plumbine
fluid compression volume, VZ’ is zero that Equation (1) is obtained. Table A~1

presents the constants used for both the oxygen and hydrogen tanks. The
partial derivatives are obtained by differentiating the equation of state.
Since the EQTANK program uses an equation of state that is a function of
temperature and density, it is desirable to obtain 3T/3p in the following form:

8T éﬂ., QE.I = -1
9p 'p op 'T 3T 'p

This relation was taken from Reference A-4, page 32, Equation (3-11).
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Then

1
3T ) 9T
R ) ap = °p oL
3p 'p —3‘; 1T 3T lp 9p |T ap ‘p

Thus, this partial derivative may also be obtained from the equation of state.
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TABLE A-1

CRYOGENIC TANK PROPERTIES

OXYGEN
Material.......... Cesseeaaressanases Ceseaaeas Inconel 718
Volume, V, £Eoeunnnnnneeeennn. e 4.75
Inside Radius, ¥, in...eees.s feeasareseanaaen 12.513
Young's Modulus, E, PSie.eeesrrretenscnensass 30 x 106
Poisson's Ratio, v, dimensionlessS........ vee.0.29
Wall Thickness, t, iNieeieeresenones vesaae ..0.059
Coefficient of Thermal Expansion, o, /°R.....5.93 x 10-'6
HYDROGEN
Material. ..o iiioeneesononenonsncsnnnsaans Titanium-5AL-2,58N ELI
Volume, V, ft3 ........ Ceese e Cereaaae 6.80
Inside Radius, r, in.....cv0.us rese e vee..14,103
Young's Modulus, E, psi.eiciieirnnrennanns e. 17 x 106
Poisson's Ratio, v, dimensionless..... Ceeeeaa 0.30
Wall Thickness, £, iMleeseseeeneeennns. cevee..0.044
6

Coefficient of Thermal Expansion, o, /°R.....1.23 x 10~

Note:

Values for o were derived from Reference A-3, Table 7.3.4,
page 7-59.
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APPENDIX III

COMPONENT AND LINE MATRIX MODEL EQUATIONS

Oxygen System Equations

The lumped parameter equations for the oxygen system matrix model
are given below. The equations are shown for each node as a function of

the failure mode. WNode locations are shown in Figure A-1.

A. Node 1
1) No leaks
6. (®.. -E)= c, % +G E +G, (E, ~E) - I
2 g1 T M1 1= y s T s ) R1
2) Leak in Leg 2
G, (E. -E)= ¢ 98 +G, E, +CG, (E, -~ E) -
2oy ~ By p— 1 By Gy By = Ey) = Iy
3) Leak in Leg 3
G, (E.. -E) = ¢ 9%E +C, E, +G, (B, ~E,) ~1I
2 Bl 1 1 I 171 3a 1 3x R1
4) Leak in Leg 2 and 5
G, (E -E) = dE . - _
26 Fax TED T ¢ T B O By F Gy By - By - Ty
de
B. Node 2
1) ©No leaks
6. (& -£) =c, %2 +G, (B, ~E,) + G, (E) = E y-I,~
3 Y17 R 25 L Y2 T Y4 10 Y2 7 Hp
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2)

3)

4)

5)

6)

7)

1)

2)

3)

Leak in Leg 3

G.,, (E E.)) =¢C dE
3b Y 3x 2 245
Leak in Leg 4
dE
G, (E, ~E)=2C 2
3 V1 2 2 35

Leak in Leg 10

_ _ dE
G3 (El EZ) = C2 2
dt

Leak in Leg 3 and Leg 4

- = dE
(E3X EZ) Cz 2
dt

Cay,

Leak in Leg 3 and Leg 10

( E

Gy (E3x " Ep) = C, "2

Leak in Leg 4 and Leg 10

- = 2
G3 (El E2 C2 —
Node 3
No leaks
dE
G,(E,, - E)) = C 3
7 B2 —
3 3 dt
Leak in Leg 7
dE
G, (E, -E) = ¢ 3
7 —=
b"7x 73 3 e
Leak in Leg 6
B = dE
Gy (EBpy~By = €5 3
dt

+ G6(E3—E5) + GSCEB—EA) - T

+ G6(E3—E5) + GS(EB_E4) - IR

+ G6a(E3*E6X) + G5(E3«E4) -1

+ G4 (Ezn E4) + Glo (E

+ Gy, (By = B, ) + Gy (B -

+ G -
4 By ~E) +G o (E

* G (BymE ) H61 o (Ey-E

2 710

5 ™

E
10

E
1

2~ Brox

)-1

-1

0

R2

y

)>-I

R2

Iro

R2

+ G, (B,=E,) + Gy, (Ey=Eqq )-Ipy

3

R3
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4)

5)

6)

7)

1)

2)

3)

4)

5)

6)

7)

Leak in Leg 5

dE
G_(E - E = - - -
7(Bpy = Eg) = Cg4 dt3 + G (By-Eg) + Gg (Ep-B, ) - Ipg
Leak in Leg 7 and Leg 8
dE
G “E = - - —_
7b(E7x 3) C3 EEQ + Géa(E3 E6x) + GS(E3 E4) IR3
Leak in Leg 7 and Leg 5
dE
G E. -E = - - -
7w FrcEy) = G = T Gg(EymEg) + Gy (By~Bg) = Tps
Leak in Leg 6 and Leg 5
dE
G_(E_ - = - - -
7(Bgy7E3) = Cq - * Gpa(BgmBg) + G5, (BymBg ) = Tps
Node 4
No Leaks
- - = dE - -
GS(E3 E4) + G4(E2 E4) C4 dt4 + GS(E4 E6) IR4
Leak in Leg 5
_ dE “E.) -
Csp By By) + G,y = €, . + Gg(B,Bg) ~ Tpy
Leak in Leg 4
Gg(EgmEy) + Gy (B ~Fp) = _—dt‘* + Gg (B, Eg) ~Ip,
Leak in Leg 8
- - = dE - -
G5 (EamE,) + G, (B, "E,) = €, - + Cga(ByBgy) ~ Tgy
Leak in Leg 5 and Leg 4
o - = dE - -
G (BoxEy) + Gy (ByyBy) = Gy - + g (B,mEg) — Igy
Leak in Leg 5 and Leg 8
= - - dE - -
Csp (Esx By + 6, (By7B) = ¢, - *+ Gga By Bey) ~ Trg
Leak in Leg 4 and Leg 8
- = dE - -
G5By E,)) + Gy (B, "B = ¢, 4 + oo (ByBay) ~ Tpy



1)

2)

3)

4)

1)

2)

3)

4)

1

Node 5

No leaks
_ dE
G6(E3—E5) + G13(E7-—E5) = C5__5
dt
Leak in Leg 6
- dE
Gop (Eox Es)*0y3(EyEs) = Cg 5
dt
Leak in Leg 13
- - dE
Gg(ByEg) + Gy gy (B o) Co 5
dt
Leak in Leg 6 and Leg 13
G, (B, ~E.) + G (E . -E) = ¢ . s
6b " 6x 5 13b713x 5 5 it
Node 6
No leaks
G (E,~E,) + G (E-E) =1, + ¢ %
8 4 76 978 76 1 6
dt
Leak in Leg 8
G (E, -E,) + G (E~E.) = 1, + ¢, _°F6
4b74x 6 978 76 1 6 I
Leak in Leg 9
- - = dE
Cg(EyEg) + Gg, (BomE) = I, + ¢ “76
dt
Leak in Leg 8 and Leg 9
G, (E, ~ - = dE
i By Be) + Gga(BgmB) = I + Cp "6
dt
Node 7
No leaks
dE
G, (E.,-E)) = C 7
1177B3 —L
7 7 dt
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2)

3)

4)

5)

6)

7)

1)

2)

3)

4)

5)

Leak in Leg 11

B dE
11 F11x B = G ?1?7' + G5 (EymEg) + Gy, (BomEg) - Ty
Leak in Leg 12
6. (E..-E.) = ¢, % + G 3(ByEg) + Gy, (E,-Eqp ) = Ipyg
11Fp37E; 7=+
Leak in Leg 13
 aE _ By -
Gy; (Epg~Ey) = Cy E&l + Gy, (BymByg ) + Gy, (BpmEg) - Tpg
Leak in Leg 11 and Leg 12
dE
G Er1xEp) = G Et—7 613 (BymEg) + Gyy (BomEpp ) — Ipy
Leak in Leg 11 and Leg 13
dE
611 E11x7Ep) = G ?IEZ t Gy, (BymEyg ) + Gy (BymEg) - Ipg
Leak in Leg 12 and Leg 13
_ dE - - -
Gy (Eg3=E;) = ¢, EEZ TGy, (BymE g ) + Cpp (BymEyn) = Tpyg
Node 8
No Leaks
- dE - - -
G1y(EymEg) = Cg -———dta + Gy (Eg-Ey) + Gy, (Bg=Eyy) - Ipg
Leak in Leg 12
_ dE . - -
G1op BraxBg) = C = 7 Gy (Eg-Eg) + Gy (BgFyy) ~ Tpg
Leak in Leg 9
dE |
Gy, (E;mEg) = Cg E?;ﬁ + Gg, (Bg=Eg ) + Gy, (BgmEyq) ~ Lpg
Leak in Leg 14
dE
Gy, (B;mEg) = Cg ————dtS + Go(EgmEq) + Gpy, (BgmEy ) = Tpg
Leak in Leg 12 and Leg 9
dE
G10p (B Bg) = Cg d—t—8~ + Gg, (BgmEq ) + Gy (By=Eyp) = Tpg
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Leak in Leg 12 and Leg 14
dE

7)

1)

2)

3)

4)

1)

2)

3)

4)

Gy (ByoyEg) = 8'EE§ + Go(EgEg) + Gy (Bg=Eqy) - Ipg
Leak in Leg 9 and Leg 14
dE
Gyp(E;~Eg) = Cg E€§ + Gg, (BgrEq) + Cppp (BgmByy) -
Node 9
No leaks
G, (E,.~E.) + G, (E, ~E) = dE, + 1, -1
17711 79 16710 79 2 R9
dt
Leak in Leg 17
G (E._-E)+G (E  -E)= C dE9 + I, -
17 717x 79 16710 9 9 EE— 2
Leak in Leg 16
dE _ _
G17(E117Eg) + Gygp (Byg mEg) = Gy 522 =1,
Leak in Leg 16 and Leg 17
G, (B, -E.) +G.. (B, -E c, %Eg -1
17b"717x 79 16b " 16x 9 Eﬁ?—
Node 10
No leaks
¢, (E.-E, ) = c.. g + G, (B, ~E) - I
10%"2" 10 lO‘EE~— 16710 79 R10
Leak in Leg 10
G, (E..~E. ) = C dElO +G,,(E,.~E.) - I
10b"10x 10 10 T 1610 79 R10
Leak in Leg 16
dE
610%57F10) = S0 2 6162 F107F16x’) ~ TR0
Leak in Leg 10 and Leg 16
G, (B -E )= ¢ +6yq, (B ) -
10b710x 10 10 T 10” 16 RlO
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1)

2)

3)

4)

1)

2)

3)

4)

5)

6)

Node 11

No leaks
14 EgmE ) = C dE ) + G, (B ) - 1
8711 11 4= 17'F117Fg R11
Leak in Leg 14
G.,. (E., -E..) = ¢c.. 98, G._(E..-E.) - I
14 14x 11 llﬁ?:— 177711 79
Leak in Leg 17
G, (E~E,.) = c.. %13 + G, (B =E )
14Fg7Eqg 11— 17a ““117717x
Leak in Leg 14 and Leg 17
G, (., -E,.) = c,. 911 G._ (E..-E.. ) -
14b “14x 11 11 = 17a-11 "17x
Node X
Leak in Leg 2
Goa (BpFoy) = Gop (B mBy) + Gy Bo
Leak in Leg 3
G (BymEg) = Cgp (Bg mBo) 4 Gap Egy
Leak in Leg 4
ChaByByy) = Gpp (B, mE,) + Gy %4
Leak in Leg 5
50 E37Esy) = G5y (Eg ~E,) + Ggo Eg
Leak in Leg 6
CealB3Eey) = Cop By Es) + Ggp Ego
Leak in Leg 7
67aEpp7Byy) = Gy (BpmEg) + Go By
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7) Leak in Leg 8

Gg, (E4Eqy) = Ggy (Bg ~Eg) + Ggo Eo

8) Leak in Leg 9

G9a(E8_E G,, (E

9x) = Cop(EgyEg) + G

9 9¢ Fox

9) Leak in Leg 10

610aB77E10) = C10b F10x7F11) t S10c Frox
10) Leak in Leg 11

G112 By By = G11p By Ep) + Gpge Brig
11) Leak in Leg 12

G10a By Byp ) ¥ Gyop(Byg mBg) + Giop Byoy
12) Leak in Leg 13

Gy (By7Eygy) = Gl3b(EBx - Eg) + Gygp Eygy
13) Leak in Leg 14

G14a®eFraxd = C14bFraxF12) + Crac Brax
14) Leak in Leg 16

6160 E107E16x) = C16bF16x Eo) * C16c Fiex
15) Leak in Leg 17

617aCE117E175) = G179 (Ey77Bg) * Gy7¢ Biok

Hydrogen System Equations

The equations for the hydrogen system are given below.

are presented for each node as a function of failure mode.

are shown in Figure A-2.
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1)

2)

3)

4)

5)

6)

7

1)

2)

3)

4)

Node 1
No Leaks
Gp(BgyBp) = G4 (E-E)) + G, (E-E) + ¢ ?1?_'1' Tr1
Leak in Leg 1
B - _ dE .
61p 1B = G4 (E)-E)) + G (E\-E.) + C) EEL Tp1
Leak in Leg 4
dE
B = . - c. 9B -
C1(Bpy B = Gua (BymBy) + G5 (By-Bg + € 2 Tr1
Leak in Leg 7
dE
B = _ - c. 9 -
O1(Bpy7By) = G (B)=Ep) + G (By-Bp0 + € L TRt

Leak in Leg 1 and Leg 4
dE

_E) = - _ c, *™1 -
O1p B Bp) = Gy (ByBy) + 6, (B-B) + € 2 Tr1
Leak in Leg 1 and Leg 7
dE

“E.) = - - c, 4 -
Crp(BpyBy) = 6, (By=Ep) + G (By-E, ) + Gy . Tr1
Leak in Leg 4 and Leg 7
G E.) =G E + E.-E + C 4By I
1817 E) = € (BB + 6y (B-Eg) 177 " m
Node 2
No Leaks

C, d(E,)
G4 (E)mEp) + C5(Ey=E)) = Gyfly + dt = o
Leak in Leg 4 .
¢, 4E
Cup (ByymBp) + G5(ByBy) = G, By ¥y = )
Leak in Leg 5
C dEZ 1
- -E.) = G,E, + ~2-—F -
G, (Ey=E,) + Ggp (Eg -E)) = GyBy dt R2
Leak in Leg 4 and Leg 5
+ C dE?. I

- -E,)) =G, E _— -

Gy, (B Ey)) + Gy (Eg 9) 9 By 23 R2



1)

2)

3)

4)

5)

6)

7)

1)

2)

3)

4)

Node 3

No Leaks
c, 984
G4 (Egy=E3) = G5(E5-E,) + G6(E3—E4) + 3 = — Ipq
Leaks in Leg 3
c, 9F3
Gyp (B3 mE3) = G (Ex=E,) + G6(E3-E4) o3 - Ipg
Leak in Leg 5
G (E..~E,) = G c, 43
3(EgyE3) = G5, (Ey=Egy) + Go(Ey=Ep) + B3 — " Trs
Leak in Leg 6
G,(E_,-E,) =G + G, (E +CdE3
3(Egp7Ey) = G5 (Eg=Ey) + G, (EgEg) 34 " T3
Leak in Leg 3 and Leg 5
dE
Gy By Bg) = Gg (BymEg ) + G (Eg-E,) + G4 —-—dt3 = Ips
Leak in Leg 3 and Leg 6
- dE
Gap (BgyBg) = G5(Bg=Fy) + Gy (By-Eg )+ Cy = = Ips
Leak in Leg 5 and Leg 6
dE
- = - - C 3 -
Gy (Bpp=Eg) = Cg (BB ) * Gga(ByBy) + S5 = Tr3
Node 4
No Leaks
G, (E.-E,) + G.(E~E,) = ¢ 9E, + I.-I
6377 8 "5 4 4 —2 17"R4
dt
Leak in Leg 6
G (E -E,) + Ga(E.~E,) = ¢, % +1,-I
6b° 6x 4 875 T4 4-EE— 1 R4
Leak in Leg 8
+ G, (E E)—CdE4 + I.-1
Gg(E3mEy) + Cgp (BB = B4 —= 1714
Leak in Leg 6 and Leg 7
dE
- - = C 4 + I.-I
Cop (BgyxBy) * gy, (g Ey) b= 17 Tra
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1

2)

3)

4)

1)

2)

3)

4)

5)

6)

Node 5

No Leaks
dE,
Gy (B)=Eg) = Cog2 + Gg(Es-E,)
Leak in Leg 7
dE5
G p(EgymBs) = Coggp + Gg(EgmE,)
Leak in leg 8
dE,
G7(E7Eg) = Cogp * Cga (B5Egy)
Leak in Leg 7 and Leg 8
dES

Gy (ByEs) = Cogp + Gg, (EgEg)
Node X
Leak in Leg 1
Gyp(Bgy=Byy) = Gy (By mEy) 4 G Bpy
Leak in Leg 3
Gy, (Bgo=EBg ) = Gy (Bg ~EBq) + Gy Bq
Leak in Leg 4
Gpa (B By = G (Bp By + Gy By
Leak in Leg 5
Gy, (By=Bg ) = Ggy (Bg =) + Ggp By
Leak in Leg 6

Gga(By=Eg) = g (Bg ~Ep) + Ggp Bey
Leak in Leg 7

7aEy7Eqy) = Gop (g =By + Gyp Bpp

89



7) Leak in Leg 8

Cgq (E5~Egy) = Ggp (Fgy By) + Gyg Eoy

When no leaks are defined in the system, the model is programmed to use
the first equation for each lumped parameter node in describing the network.
When a leak is defined by a nodal model network node number (not to be confused
with a lumped parameter node), the line leg in which that node is located
is automatically determined. The two lumped parameter nodes that bound this
leg are also determined. The lumped parameter equations for these two nodes
are then replaced by the appropriate leak equation presented above. An addi-
tional lumped parameter expression is required to solve the new network of
equations and is automatically obtained from the Node X equations for the
appropriate leg. The relative locations of the lumped parameter nodes and
the nodal model network nodes are shown in Figures 3.10 and 3.11 of
Section 3.3 for the oxygen and hydrogen systems, respectively. The line legs
which correspond to the nodel model network nodes are given in Tables A-2 and

A-3 for the oxygen and hydrogen systems, respectively.
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Table A-2 - Oxygen System Lumped Parameter Nodal Constants

LUMPED PARAMETER VOLUME
NODE (INB)

13.66

.28
.98

[ L T > SRS o S SY

13.32

W 0~ O W N e

[
(]
o

.93
0.08

pt
| —

Table A-3 - Hydrogen System Lumped Parameter Nodal Constants

LUMPED PARAMETER VOLUME
NODE IN

i 1.90
2 35.18
3 2,60
4 5.0

5 1.42
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